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1.	  INTRODUCTION	  Thermophiles	   such	   as	   Meiothermus	   ruber	   (M.	   ruber)—a	   gram-­‐negative,	   nonmotile,	   and	  nonsporulating	   bacteria—live	   in	   nutrient-­‐deprived	   environments	   (Nobre	   et	   al.,	   1996).	  Consequently,	  they	  require	  efficient	  means	  to	  acquire	  nutrients	  from	  their	  environment,	  as	  failing	  to	  uptake	  nutrients	  even	  just	  once	  may	  spell	  death	  for	  the	  organism,	  since	  nutrients	  are	  sparse	  in	  these	  conditions.	  	  The	  environmental	  processing	  of	  gram-­‐negative	  bacteria	  differs	  from	  that	  of	  gram-­‐positive	  bacteria,	   due	   to	   the	   difference	   in	   their	   effective	   cell	   walls.	   Gram-­‐negative	   bacteria	  (including	  E.	   coli)	   have	   two	   cytoplasmic	  membranes—an	   outer	  membrane	   and	   an	   inner	  membrane.	  The	  space	  between	  these	  two	  membranes	  is	  called	  the	  periplasmic	  space,	  and	  it	  is	  thinly	  laced	  with	  peptidoglycans	  that	  provide	  structural	  rigidity.	  The	  outer	  membrane	  is	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2.	  MATERIALS	  &	  METHODS	  
A	  comparative	  genome	  analysis	  between	  the	  model	  organism	  E.	  coli	  and	  the	  analyte	  M.	  
ruber	  was	  conducted,	  utilizing	  the	  following	  publically	  available	  online	  bioinformatics	  tools,	  all	  of	  which	  were	  accessed	  through	  the	  Guiding	  Education	  through	  Novel	  Investigation	  (GENI)	  –	  Annotation	  Collaboration	  Toolkit	  (ACT).	  	  AVAILABLE	  MODULES	  ON	  GENI-­‐ACT	   BIOINFORMATICS	  PROGRAMS	  Basic	  Information	  	   GENI-­‐ACT:	  	  http://geni-­‐act.org/	  Sequence-­‐based	  Similarity	  Data	   NCBI	  BLAST:	  http://blast.ncbi.nlm.nih.gov/Blast.cgi	  	  CCD:	  http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml	  T-­‐Coffee:	  http://www.tcoffee.org/Projects/tcoffee/	  WebLogo:	  http://weblogo.berkeley.edu/logo.cgi	  	  
Cellular	  Localization	  Data	   TMHMM:	  http://www.cbs.dtu.dk/services/TMHMM-­‐2.0/	  SignalP:	  http://www.cbs.dtu.dk/services/SignalP/	  LipoP:	  http://www.cbs.dtu.dk/services/LipoP/	  PSORT-­‐B:	  http://www.psort.org/psortb/	  Phobius:	  http://phobius.sbc.su.se/	  Alternative	  Open	  Reading	  Frame	   JGI	  IMG/EDU	  6-­‐Frame	  viewer:	  http://img.jgi.doe.gov/cgi-­‐-­‐-­‐bin/edu/main.cgi	  Structure-­‐based	  Evidence	   TIGRFAM:	  http://blast.jcvi.org/web-­‐-­‐-­‐hmm/	  Pfam:	  http://pfam.xfam.org/search	  PDB:	  http://www.rcsb.org/pdb/home/home.do	  Enzymatic	  Function	   KEGG:	  http://www.genome.jp/kegg/	  MetaCyc:	  http://metacyc.org/)	  ExPASy:	  http://enzyme.expasy.org/enzyme-­‐-­‐-­‐search-­‐-­‐-­‐ec.html	  Duplication	  and	  Degradation	  	   JGI	  IMG-­‐EDU:	  http://img.jgi.doe.gov/cgi-­‐-­‐-­‐bin/edu/main.cgi	  Horizontal	  Gene	  Transfer	   Phylogeny.fr:	  	  http://www.phylogeny.fr/),	  JGI	  IMG/EDU:	  http://img.jgi.doe.gov/cgi-­‐-­‐-­‐bin/edu/main.cgi	  
	  
3.	  RESULTS	  The	   outputs	   from	   the	   various	   bioinformatic	   tools	   utilized	   in	   this	   investigation	   are	  summarized	  below	  in	  tables.	  For	  complete	  coverage	  of	  the	  data	  output,	  see	  the	  Appendix.	  Output	   values	   listed	   are	   first	   given	   for	   the	  E.	   coli	   gene	   and	   then	   the	   respective	  M.	   ruber	  gene.	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Table	  1:	  Summary	  of	  Bioinformatic	  Outputs	  for	  b3725	  and	  Mrub_2521	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Table	  2:	  Summary	  of	  Bioinformatic	  Outputs	  for	  b3726	  and	  Mrub_2520	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3.3	  E.	  coli	  b3727	  pstC	  and	  M.	  ruber	  Mrub_2519	  (TABLE	  3)	  b3727	  was	  predicted	  to	  have	  six	  transmembrane	  helices	  while	  Mrub_2519	  was	  predicted	  to	   have	   eight	   transmembrane	  helices	   (TMHMM)	   (Fig	   C.1a);	   neither	   gene	   has	   a	   predicted	  signal	   peptide	   (D=0.0;	   D=0.106)	   (Fig	   C.1b)	   nor	   a	   cleavage	   site.	   The	   gene	   products	   were	  predicted	  to	  be	  housed	  in	  the	  cytoplasmic	  membrane	  by	  PSORT-­‐B	  (p=10.00;	  p=10.00)	  and	  LipoP,	  while	  Phobius	  predicted	  both	  genes	  have	  six	   transmembrance	  helices	  (Fig	  C.1c).	  A	  BLAST	   of	   the	   two	   amino	   acid	   sequences	   against	   each	   other	   yields	   an	   alignment	  with	   an	  expect	  value	  of	  1e-­‐57,	  a	  bit	  score	  of	  444,	  and	  41%	  identity	  (Fig	  C.2a).	  BLASTed	  individually,	  the	  top	  hit	  for	  b3727	  was	  the	  phosphate	  transporter	  permease	  subunit	  PstC	  of	  Salmonella	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  3:	  Summary	  of	  Bioinformatic	  Outputs	  for	  b3727	  and	  Mrub_2519	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3.4	  E.	  coli	  b3728	  pstS	  and	  M.	  ruber	  Mrub_2518	  (TABLE	  4)	  b3728	  was	   predicted	   to	   have	   one	   transmembrane	   helix,	   while	  Mrub_2518	   did	   not	   have	   any	  predicted	  (TMHMM)	  (Fig	  D.1a).	   	  There	  is	  a	  high	  probability	  that	  each	  gene	  product	  contains	  a	  signal	  peptide	  as	  predicted	  by	  SignalP	  (D=0.570	  between	  position	  25	  and	  26;	  D=0.779	  between	  position	   20	   and	   21)	   (Fig	   D.1b)	   and	   LipoP	   (cleavage	   between	   position	   25	   and	   26	   by	   SpI;	  cleavage	  between	  position	  20	  and	  21	  by	  SpI).	  The	  gene	  products	  were	  predicted	  to	  be	  housed	  in	   the	  periplasmic	  space	  by	  PSORT-­‐B	  (p=10.00;	  p=9.76),	  and	  Phobius	  predicted	   that	  both	  are	  non-­‐cytoplasmic	  with	  an	  initial	  signal	  peptide	  sequence	  (Fig	  D.1c).	  	  A	  BLAST	  of	  the	  two	  amino	  acid	  sequences	  against	  each	  other	  yields	  an	  alignment	  with	  an	  expect	  value	  of	  5e-­‐56,	  a	  bit	  score	  of	   438,	   and	   36%	   identity	   (Fig	   D.2a).	   BLASTed	   individually,	   the	   top	   hit	   for	   b3728	   was	   the	  phosphate	  ABC	  transporter	  substrate-­‐binding	  protein	  of	  Shigella	  boydii	  (E=0.0)	  (Fig	  D.2b);	  the	  top	   hit	   for	   Mrub_2518	   was	   the	   phosphate	   ABC	   transporter	   substrate-­‐binding	   protein	   from	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4.	  Discussion	  Interestingly,	  there	  is	  no	  E.C.	  number	  for	  the	  hypothesized	  Pst	  system	  in	  M.	  ruber.	  However,	  since	  E.C.	  numbers	  confer	  enzymatic	  reactions	  (and	  all	  four	  components	  are	  involved	  in	  the	  same	  reaction),	   it’s	  actually	  more	  surprising	  that	   there	   is	  a	  corresponding	  E.C.	  number	  to	  the	  E.	  coli	  Pst	  system.	  Rather,	   talks	  of	  E.C.	  numbers	   in	  reference	  to	  transport	  systems	  are	  seemingly	   irrelevant;	   nonetheless,	   the	   E.C.	   number	   for	   the	   Pst	   system	   in	   E.	   coli	   was	  included	  in	  the	  results	  as	  additional	  proof	  that	  there	  is	  functional	  evidence	  of	  the	  system.	  
4.1	  b3725	  pstB	  and	  Mrub_2521	  The	  results	  from	  the	  comparison	  of	  these	  two	  ATPase	  genes	  overwhelmingly	  suggest	  that	  they	   are	   functionally	   similar.	   One	   discrepancy	   was	   in	   the	   determination	   of	   the	   cellular	  localization	  of	  both	  the	  E.	  coli	  and	  M.	  ruber	  gene	  products.	  LipoP	  predicted	  that	  both	  gene	  products	  are	  located	  in	  the	  cytoplasm,	  while	  PSORT-­‐B	  and	  Phobius	  predicted	  that	  they	  both	  pertain	  to	  the	  cytoplasmic	  membrane.	  There	  were	  no	  predicted	  transmembrane	  helices	  nor	  signal	   peptides,	   so	   the	   true	   location	   must	   be	   among	   those	   that	   were	   predicted.	   	   The	  different	  determinations	  of	  the	  cellular	  localization	  seems	  to	  be	  related	  to	  the	  fact	  that	  the	  ATPase	  in	  the	  Pst	  system	  is	  a	  peripheral	  protein,	  bound	  to	  the	  cytoplasmic	  portions	  of	  the	  two	  transmembrane	  proteins	  of	  the	  system.	  So,	  since	  the	  gene	  products	  are	  located	  in	  the	  cytoplasm,	   though	   they	   are	   not	   free-­‐floating	   like	   other	   cytoplasmic	   proteins,	   it	   is	  understandable	  why	  LipoP	  would	  predict	  that	  these	  gene	  products	  are	  cytoplasmic.	  In	  the	  end,	  the	  designation	  by	  these	  analytical	  programs	  is	  inconsequential	  in	  this	  particular	  case,	  since	   each	   program	   does	   not	   consider	   protein	   domains	   that	   may	   confer	   a	   peripheral	  localization	   on	   the	   cytoplasmic	   membrane—it	   is	   an	   inherent	   flaw	   of	   the	   bioinformatic	  tools.	  	  Otherwise,	   there	   is	  an	  apparent	  similarity	  between	  b3725	  and	  Mrub_2521.	  The	  BLAST	  of	  the	   two	  amino	  acid	   sequences	   against	   each	  other	   yielded	  a	   low	  E-­‐value,	   suggesting	   their	  structural	  and	  thus	  functional	  relatedness.	  The	  top	  BLAST	  hit	  for	  Mrub_2521	  corresponded	  to	  a	  hypothetical	  protein	  of	  M.	   taiwanensis,	   but	   the	  stark	  similarities	   in	  each	  of	   the	  other	  bioinformatic	  outputs	  makes	   the	  ambiguity—the	   fact	   that	   it’s	  hypothetical—of	   this	  result	  unimportant.	  	  There	  were	  identical	  hits	  with	  acceptable	  expect	  values	  for	  KEGG,	  CDD,	  Pfam,	  and	  TIGRfam,	  providing	  overwhelming	  evidence	   for	   the	   functional	  relatedness	  of	   the	  two	  gene	  products.	  Moreover,	  the	  hits	  they	  were	  matched	  with	  were	  expected:	  the	  pstB	  protein	  domain	  (CDD),	   the	  ABC	  transporter	  protein	   family	   (Pfam),	  and	   the	  ATPase	  component	  of	  the	  phosphate	  ABC	  transporter	  (TIGRfam).	  b3725	   shows	   no	   sign	   of	   horizontal	   gene	   transfer	   (HGT),	   neither	   in	   its	   phylogenetic	   tree	  (only	   linked	   to	   organisms	   which	   are	   closely	   related	   to	   it	   by	   descent)	   nor	   its	   GC%	   (no	  remarkable	  difference	   from	  the	  genomic	  GC%).	  Mrub_2521,	  however,	  does	  show	  signs	  of	  distant	   HGT.	   Mrub_2521	   is	   linked	   to	   organisms	   that	   are	   not	   closely	   related	   to	  M.	   ruber	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(phylum	   Deinococcus-­‐Thermus)	   by	   descent,	   such	   as	   Spirochaeta	   Africana	   (phylum	  spirochetes)	  and	  Geobacter	  metallireducens	  (phylum	  proteobacteria).	  Moreover,	   the	  stark	  difference	   in	   the	   GC%	   of	  Mrub_2521	   (56%)	   and	   the	   genomic	   GC%	   (63%)	   is	   beyond	   the	  threshold	   of	   normal	   variance	   within	   the	   genome	   (generally	   ±5%	   of	   the	   genomic	   GC%).	  Lastly,	   the	  supposed	  Pst	  operon	   in	  M.	  ruber	   shows	  strong	  conservation	   in	  organisms	  that	  are	  distantly	  related	  to	  it	  by	  descent,	  suggesting	  that	  HGT	  occurred	  as	  a	  translocation	  of	  the	  entire	   operon	   (Fig	   E.1).	   These	   data	   holistically	   suggest	   that	  HGT	  occurred	   in	  M.	   ruber	  at	  some	  time	  in	  the	  past.	  	  
4.2	  b3726	  pstA	  and	  Mrub_2520	  
The	   results	   from	   the	   comparison	   of	   these	   two	   transmembrane	   pstA-­‐like	   genes	  overwhelmingly	   suggest	   that	   they	   are	   functionally	   similar.	  There	   are	  no	  discrepancies	   to	  evaluate.	  	  The	  BLAST	  of	  the	  two	  amino	  acid	  sequences	  against	  each	  other	  yielded	  a	  low	  E-­‐value,	   suggesting	   their	   structural	  and	   thus	   functional	   relatedness.	   	  The	   top	  BLAST	  hit	   for	  Mrub_2520	   corresponded	   to	   a	   hypothetical	   protein	   of	   M.	   taiwanensis,	   but	   the	   stark	  similarities	   in	  each	  of	   the	  other	  bioinformatic	  outputs	  makes	   the	  ambiguity	  of	   this	   result	  unimportant.	  	  There	  were	  identical	  hits	  with	  acceptable	  expect	  values	  for	  KEGG,	  CDD,	  Pfam,	  and	  TIGRfam,	  providing	  overwhelming	  evidence	   for	   the	   functional	  relatedness	  of	   the	  two	  gene	  products.	  Moreover,	  the	  hits	  they	  were	  matched	  with	  were	  expected:	  the	  pstA	  protein	  domain	  (CDD),	  the	  inner	  membrane	  component	  of	  a	  binding-­‐protein-­‐dependent	  transport	  system	  (Pfam),	  and	  the	  permease	  component	  of	  the	  phosphate	  ABC	  transporter	  (TIGRfam).	  b3726	   shows	   no	   sign	   of	   HGT,	   neither	   in	   its	   phylogenetic	   tree	   (only	   linked	   to	   organisms	  which	  are	  closely	  related	  to	  it	  by	  descent)	  nor	  its	  GC%	  (no	  remarkable	  difference	  from	  the	  genomic	  GC%).	  Mrub_2520,	  however,	  does	  show	  signs	  of	  distant	  HGT.	  Mrub_2520	  is	  linked	  to	   organisms	   that	   are	   not	   closely	   related	   to	  M.	   ruber	   (phylum	  Deinococcus-­‐Thermus)	   by	  descent,	  such	  as	  Spirochaeta	  Africana	   (phylum	  spirochetes)	  and	  Geobacter	  bemidjiens	  and	  
Geobacter	   uraniireducens	   (phylum	   proteobacteria).	   The	   GC%	   of	   Mrub_2520	   (61%),	  however,	   does	   not	   significantly	   differ	   from	   the	   genomic	   GC%	   (63%)	   and	   as	   such	   is	   not	  evidence	  for	  HGT.	  Lastly,	  the	  supposed	  Pst	  operon	  in	  M.	  ruber	  shows	  strong	  conservation	  in	  organisms	   that	   are	   distantly	   related	   to	   it	   by	   descent,	   suggesting	   that	   HGT	   occurred	   as	   a	  translocation	  of	  the	  entire	  operon	  (Fig	  E.1).	  These	  data	  holistically	  offer	  conflicting	  views	  of	  whether	  HGT	  occurred	  for	  Mrub_2520.	  
4.3	  b3727	  pstC	  and	  Mrub_2519	  
The	   comparison	   between	   b3727	   (pstC)	   and	   M_rub2519	   strongly	   implies	   a	   functional	  similarity	   of	   the	   two	   gene	   products,	   thus	   providing	   evidence	   that	   M_rub2519	   is	  homologous	  to	  b3727.	  
10	  
	  
The	  BLAST	  of	  b3727	  against	  Mrub_2519	  has	  a	   low	  expect	  value	  and	  a	   relatively	  high	  bit	  score,	   which	   is	   evidence	   of	   strong	   sequence	   similarity,	   thus	   indicative	   of	   functional	  similarity.	   	  The	  BLAST	  top	  hit	  for	  the	  gene	  product	  of	  b3727	  is	  the	  phosphate	  transporter	  permease	  subunit	  pstC	  of	  Salmonella	  enterica.	  These	  results	  show	  that	  b3727	  has	  sequence	  similarities	  with	  another	  gene	  from	  a	  different	  organism	  that	  also	  codes	  for	  the	  same	  pstC	  protein	  in	  the	  phosphate	  transport	  system.	  The	  BLAST	  top	  hit	  gene	  product	  of	  Mrub_2519	  is	  the	  phosphate	  ABC	  transporter	  permease	  of	  Meiothermus	  cerbereus.	  These	  results	  show	  that	  the	  top	  hits	  for	  the	  E.	  coli	  and	  M.	  ruber	  gene	  products	  are	  both	  involved	  in	  phosphate	  transport,	   which	   again,	   provides	   further	   evidence	   that	   these	   two	   genes	   code	   for	   a	  functionally	  similar	  protein.	  	  	  To	   further	   confirm	   that	   these	   two	   genes	   are	   homologues	   to	   each	   other,	   CDD	   shows	  evidence	  that	  these	  two	  genes	  belong	  to	  the	  ABC-­‐type	  molybdate	  transport	  system	  protein	  domain.	  Pfam	  predicts	  that	  both	  genes	  contain	  the	  same	  protein	  domain	  and	  pertain	  to	  the	  same	   domain	   family	   (BPD:	   binding	   protein	   dependent	   transport	   system);	   furthermore,	  TIGRfam	   predicts	   that	   both	   genes	   belong	   to	   the	   same	   protein	   family:	   phosphate	   pstC	  (phosphate	  ABC	   transport).	  All	   these	  data	  also	   show	  evidence	   that	   these	   two	  genes	  have	  similar	   functions,	   and	   are	   therefore	   homologues	   to	   each	   other.	   However,	   there	   is	  discrepancy	  in	  the	  PDB	  results	  (each	  gene	  has	  a	  different	  match),	  but	  this	  is	  not	  concerning	  since	  both	  of	  these	  hits	  have	  high	  expect	  values	  and,	  as	  such,	  are	  irrelevant	  to	  the	  system	  being	  analyzed.	  Overall,	   the	  majority	  of	   the	  data	  analyzed	  show	  evidence	   that	  b3727	  and	  Mrub_2518	  are	  homologous	  to	  each	  other.	  	  In	   determining	   whether	   these	   genes	   were	   acquired	   by	   HGT	   or	   not,	   it	   is	   immediately	  noticeable	  that	  E.	  coli	  pstC	  does	  not	  show	  evidence	  of	  HGT.	  A	  quick	  look	  at	  the	  phylogenetic	  tree	   shows	   that	   all	   the	   organisms	   that	   surround	  E.	   coli	   belong	   to	   the	   same	   phylum,	   and	  therefore	   this	   provides	   no	   evidence	   of	   HGT.	   Also,	   b3727’s	   GC%	   (55%)	   does	   not	   differ	  significantly	  from	  the	  genomic	  GC	  content,	  which	  further	  refutes	  the	  possibility	  of	  HGT.	  On	   the	  other	  hand,	  M_rub2519	   (pstC)	   shows	  strong	  evidence	  of	  distant	  HGT.	  The	   reason	  being	  is	  that	  there	  are	  organisms	  below	  and	  above	  Mrub_2518	  in	  its	  phylogenetic	  tree	  that	  belong	   to	  different	   phyla.	  Although	   there	   are	   two	  organisms	   fairly	   close	   to	  M.	   ruber	   that	  could	   potentially	   concede	   recent	   HGT	   (Desulfurivibrio	   alkaliphilus	   and	   Spirochaeta	  
Africana),	   we	   suggest	   that	   these	   two	   organisms	  were	   recent	   recipients	   of	   HGT,	   possibly	  from	   the	   nearby	   thermus	   organisms—instead	   of	  M.	   ruber	   being	   a	   recipient	   of	  HGT	   from	  these	  organisms.	  Furthermore,	  the	  GC%	  of	  the	  Mrub_2519	  (57%)	  differs	  significantly	  from	  the	   genomic	   GC	   content,	   providing	   evidence	   for	   HGT.	   These	   data	   holistically	   offer	  considerable	  evidence	  for	  the	  distant	  HGT	  of	  Mrub_2519.	  
4.4	  b3728	  pstS	  and	  Mrub_2518	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The	  comparison	  between	  the	  genes	  Mrub_2518	  and	  b3728,	  which	  encodes	  for	  the	  binding	  protein	  pstS	  in	  the	  inorganic	  phosphate	  ABC	  transport	  system,	  strongly	  implies	  a	  functional	  similarity	  of	  the	  two.	  The	  BLAST	  of	  b3728	  against	  Mrub_2518	  has	  a	   low	  expect	  value	  and	  a	   relatively	  high	  bit	  score,	  which	  is	  evidence	  of	  strong	  sequence	  similarity—indicative	  of	  functional	  similarity.	  	  	  The	   BLAST	   top	   hit	   gene	   product	   of	   b3728	   is	   the	   phosphate	   ABC	   transporter	   substrate-­‐binding	  protein	  of	  Shigella	  boydii,	  an	  organism	  that	  belongs	  to	  the	  same	  phylum	  as	  E.	  coli.	  These	  results	  show	  that	  b3728	  has	  sequence	  similarities	  with	  another	  gene	  from	  another	  organism	   that	   also	   codes	   for	   the	   same	   binding	   protein	   in	   the	   phosphate	   ABC	   transport	  system.	  The	  BLAST	  top	  hit	  gene	  product	  of	  Mrub_2518	  is	  also	  a	  phosphate	  ABC	  transporter	  substrate-­‐binding	  protein,	   belonging	   to	  Meiothermus	  Taiwanesis.	   These	   results	   show	   that	  the	  top	  hits	  for	  these	  E.	  coli	  and	  M.	  ruber	  gene	  products	  are	  the	  same	  for	  both	  organisms,	  which	  again,	  further	  proves	  that	  these	  two	  genes	  code	  for	  the	  functionally	  similar	  proteins.	  	  	  To	   further	   confirm	   that	   these	   two	   genes	   are	   homologues	   to	   each	   other,	   CDD	   shows	  evidence	  that	  these	  two	  genes	  belong	  to	  the	  pstS	  protein	  domain.	  Pfam	  predicts	  the	  same	  PBP	   (periplasmic	   binding	  protein)	   family	   for	   both	   genes.	   Both	   genes	   belong	   to	   the	   same	  phosphate	  ABC	  transport	  TIGRfam.	  All	  these	  data	  show	  evidence	  that	  these	  two	  genes	  have	  similar	  functions,	  and	  are	  therefore	  homologues	  to	  each	  other.	  Nevertheless,	  there	  is	  a	  little	  discrepancy	  in	  the	  PDB	  results.	  Both	  genes	  have	  different	  matches	  but	  both	  of	  them	  belong	  to	   a	  phosphate	  binding	  protein;	   the	   reason	   for	   this	  discrepancy	  might	  be	  due	   to	   the	   fact	  that	   the	   PDB	   findings	   for	   Mrub_2518	   belong	   to	   an	   organism	  more	   closely	   related	   to	  M.	  
ruber,	  while	  the	  PDB	  hit	  for	  b3728	  pertains	  to	  an	  organism	  that	  is	  more	  closely	  related	  to	  E.	  
coli	   than	   it	   is	   to	  M.	   ruber.	   Overall	   the	  majority	   the	   data	   analyzed	   provides	   evidence	   that	  b3728	  and	  Mrub_2518	  are	  homologous	  to	  each	  other.	  	  	  	  	  When	  looking	  for	  evidence	  of	  HGT	  in	  these	  two	  genes,	  E.	  coli	  pstS	  does	  not	  show	  evidence	  of	  HGT	   since	   in	   its	   phylogenetic	   tree	   it	   is	   surrounded	  by	   organisms	  which	   belong	   to	   the	  same	  phylum.	  The	  GC	  percentage	  is	  a	  further	  indication	  that	  there	  is	  no	  HGT.	  The	  GC%	  of	  the	   genome	   is	   51%	  and	   the	  GC%	  of	   the	   gene	   is	   51%.	  The	   lack	   of	   a	   difference	   in	  GC%	   is	  strong	  evidence	  against	  HGT.	  	  On	   the	   other	   hand,	   M.	   ruber	   pstS	   shows	   substantial	   evidence	   of	   distant	   HGT.	   This	   is	  predicted	   from	   the	   phylogenetic	   tree,	   which	   shows	   M.	   ruber	   closely	   surrounded	   by	  organisms	   that	   belong	   to	   the	   same	   Deinococcus-­‐Thermus	   phylum.	   But	   if	   we	   look	   at	   the	  organisms	   above	  Meithermus	   Silvanus,	   none	  of	   them	  belong	   to	   the	  Deinococcus-­‐Thermus	  phylum.	   For	   example,	   Spirochaeta	   Africana	   belongs	   to	   the	   Spirochaeta	   phylum,	   and	  
Desulfurivibrio	  alkaliphilus	  belongs	  to	  the	  proteobacteria	  phylum,	  so	  this	  shows	  evidence	  of	  distant	  HGT.	  To	  further	  prove	  that	  there	  may	  be	  distant	  HGT	  we	  looked	  at	  the	  GC%	  of	  the	  gene.	  The	  GC%	  for	  the	  entire	  genome	  is	  63%,	  and	  the	  GC%	  of	  this	  specific	  gene	  is	  60%.	  The	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difference	   in	   percentages	   is	   less	   than	   5%,	   so	   this	   provides	   evidence	   against	   recent	  HGT.	  Therefore,	   it	  was	   concluded	   that	   there	   is	  no	   recent	  HGT,	  but	   there	   is	   still	   a	  possibility	  of	  distant	  HGT.	  
4.4	  Final	  Note	  on	  HGT	  
The	  pstB	  and	  pstC	  genes	  of	  M.	  ruber	  provide	  significantly	  greater	  evidence	  of	  HGT	  than	  do	  the	   pstA	   and	   pstS	   genes,	   as	   noted	   by	   their	   stark	   variations	   in	   GC%	   from	   the	   genomic	  average	  and	  the	  greater	  variation	  in	  their	  respective	  phylogenetic	  trees.	  	  Since	  HGT	  is	  more	  likely	   to	   occur	   as	   the	   transfer	   of	   multiple	   genes	   (such	   as	   an	   operon)	   as	   compared	   to	  singular	  genes,	  and	  considering	  the	  fact	  that	  the	  gene	  neighborhood	  map	  of	  the	  M.	  ruber	  Pst	  system	  shows	  conservation	  of	   the	  operon	  across	  unrelated	  species,	   it	   is	  proposed	   that	  at	  some	  point	   in	  the	  past	  M.	  ruber	  obtained	  the	  Pst	  operon	  via	  HGT.	   It	  appears	  that	  this	  did	  not	   happen	   too	   far	   into	   the	   past,	   however,	   as	   the	   operon	   is	   still	   in	   the	   process	   of	   being	  accommodated	   to	   a	   suitable	   GC	   content—all	   of	   the	   genes	   of	   the	   Pst	   operon	   have	   below	  average	  GC%.	  	  
4.5	  Phosphate	  Homeostasis	  is	  More	  Nuanced	  Than	  Originally	  Thought	  
Although	   it	   has	   been	   concluded	   that	   the	   two	   Pst	   systems	   in	   M.	   ruber	   and	   E.	   coli	   are	  functionally	   similar,	   they	   do	   not	   seem	   to	   be	   regulated	   in	   the	   same	   way.	   The	   conserved	  operon	  in	  E.	  coli	  consists	  of	  a	  fifth	  gene,	  phoU,	  that	  encodes	  a	  repressor	  protein	  for	  the	  pho	  (phosphate)	  regulon,	  to	  which	  the	  Pst	  system	  is	  a	  part	  of	  	  (the	  yellow	  gene	  in	  Fig	  A.4a)—the	  regulon	  also	  consists	  of	  two	  other	  genes,	  phoR	  and	  phoB.	  A	  regulon	  is	  a	  system	  of	  multiple	  operons	   that	   are	   regulated	   by	   the	   same	   regulatory	   protein,	   which	   in	   this	   case	   is	   phoU.	  However,	   phoU	   is	   not	   in	   the	   Pst	   operon	   in	  M.	   ruber,	   which	   is	   alarming.	   This	   potentially	  means	  that	  the	  Pst	  system	  in	  M.	  ruber	  is	  not	  regulated	  in	  the	  same	  manner	  as	  it	  is	  in	  E.	  coli.	  Even	  if	  the	  phoU	  repressor	  gene	  were	  to	  be	  located	  at	  a	  different	  locus,	  the	  entirely	  of	  its	  mechanism	  of	  inhibition	  would	  not	  be	  the	  same	  as	  it	  is	  in	  E.	  coli	  since	  it	  is	  not	  coordinately	  transcribed	  with	  the	  Pst	  operon.	  However,	  the	  real	  question,	  then,	  is	  if	  M.	  ruber	  truly	  needs	  to	   regulate	   its	   phosphate	   intake.	   It	   seems	   that,	   given	   that	   is	   grows	   in	   a	   nutrient-­‐poor	  environment,	  M.	  ruber	  would	  have	  need	  to	  ever	  refuse	  the	  intake	  of	  nutrients	  as	  precious	  as	  phosphates.	  (Webb	  et	  al.,	  1992)	  All	   things	   considered,	   this	   is	   still	   a	   simplification	   of	   phosphate	   homeostasis,	   as	   E.	   coli	  contains	   a	   second	   system	   (the	   Pit	   system)	   that	   is	   involved	   (Webb	   et	   al.,	   1992).	   As	   such,	  more	  research	  needs	  to	  be	  carried	  out	  if	  we	  are	  to	  fully	  understand	  phosphate	  homeostasis	  in	  M.	  ruber.	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5.	  CONCLUSION	  All	   four	  M.	   ruber	   genes	   (Mrub_2518	   (pstS),	   Mrub_2519	   (pstC),	   Mrub_2520	   (pstA),	   and	  Mrub_2521	  (pstB))	  are	  homologues	  of	  their	  respective	  E.	  coli	  genes	  (b3728,	  b3727,	  b3726,	  b3725,	   respectively);	   therefore,	   all	   four	   of	   the	   M.	   ruber	   genes	   code	   for	   the	   proposed	  proteins	  in	  the	  phosphate	  ABC	  transport	  system	  (PstA,B,C,S).	  Insofar	  as	  the	  Pst	  system,	  M.	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Fig.	  A.1	  Cellular	  localization	  bioinformatics	  tools	  predict	  that	  b3725	  (left)	  and	  Mrub_2521	  (right)	  are	  either	  



























































































Fig.	  A.4	  Gene	  neighborhood	  maps	  (NCBI	  BLAST)	  show	  that	   the	  Pst	  system	  is	  a	  conserved	  operon	  in	  M.	  ruber	  





























































Fig.	   B.1	   Cellular	   localization	   bioinformatics	   tools	   predict	   that	   b3726	   (left)	   and	   Mrub_2520	   (right)	   are	  


























































































Fig.	   C.1	   Cellular	   localization	   bioinformatics	   tools	   predict	   that	   b3727	   (left)	   and	   Mrub_2519	   (right)	   are	  


































































































Fig.	  D.1	  Cellular	  localization	  bioinformatics	  tools	  predict	  that	  b3728	  (left)	  and	  Mrub_2518	  (right)	  are	  periplasmic	  































Fig.	   D.2	   BLAST	   alignments	   for	   b3728	   and	  Mrub_2518.	   (a)	   NCBI	   BLAST	   of	   b3728	   against	  Mrub_2518,	   (b)	   top	  BLAST	  hit	  for	  b3728,	  (c)	  top	  BLAST	  hit	  for	  Mrub_2518.	  


















































Fig.	  E.1	  Gene	  neighborhood	  map	  (NCBI	  BLAST)	  showing	  strong	  conservation	  of	  the	  Pst	  operon	  (right	  side	  of	  
image)	  in	  species	  distantly	  and	  closely	  related	  to	  M.	  ruber.	  These	  data	  offer	  additional	  evidence	  for	  HGT.	  	  
